Collapse-prone timbers such as species of Eucalyptus are poorly utilised due to low conversion rates that necessitate long pre-drying times. A supercritical CO 2 lumen water expulsion pre-treatment prior to kiln drying is proposed to bypass lengthy pre-drying. After drying (air, kiln or oven drying), shrinkage, collapse, washboard depression and checking of Eucalyptus nitens were determined using image analysis of 0.8 mm thick wafers and 5 mm thick biscuits. Lumen water expulsion-kiln drying reduced collapse by 75% and washboard depression by 71%, compared to drying from green. As water is removed from the water conductive tissue (vessels, rays, and fibre-tracheids) by lumen water expulsion, the water column is broken throughout the specimen, thereby disrupting the development of meniscus-induced water tension as subsequent drying occurs. Remaining water is proposed to reside in the non-water-conductive fibre tissue. If the process can be applied on large scale to Eucalyptus nitens, there is the opportunity for higher conversion rates to increase the commercial viability of solid wood products.
Introduction
The moisture content in living trees can exceed 200% (m/m) with large in-tree variation (Simpson and TenWolde 1999) . Removing the bulk of this water (sap) after felling is a key step in wood processing. The drying of hardwoods can involve air-or pre-drying prior to kiln drying (Denig et al. 2000) . Yang and Liu (2018) reviewed the history of collapse in the genus Eucalyptus. They considered the morphological characteristics of collapse and gave an overview of the liquid tension theory of collapse, which involves a differential pressure across the menisci of saturated cell lumens (a lumen is the inside space of a cell). They listed treatments designed to reduce collapse as well as variants of drying processes. Drying of collapse-prone Eucalyptus species can result in low conversion into product using existing kiln drying methods. Collapse is thought to be the result of negative water tension that develops in boards during the early stages of drying while still at very high moisture contents (Kauman 1964; Chafe et al. 1992) . The mechanics and thermodynamics described by the Laplace and Kelvin equations respectively are the basis of the water tension theory, which remains the best explanation for collapse. This theory of collapse requires (1) saturated lumens; (2) negative water tension arising from surface tension developed at menisci interfacing air or water-vapour filled cells bordering water-filled lumens and (3) average cell wall strength in compression, perpendicular to the cell walls, that is less than the negative water tension.
Drying methods for refractory Eucalyptus species often require a lengthy pre-drying phase to lessen the prevalence of collapse, washboard depression and internal checking. High pressure supercritical CO 2 treatment is a faster water removal technique from green timber that also reduces collapse (Dawson et al. 2015; Franich et al. 2010 Franich et al. , 2013 in a variety of softwoods and hardwoods (Dawson and Pearson 2017; Dawson et al. 2015) . The water removal efficiency of the supercritical CO 2 treatment varies according to species (Dawson and Pearson 2017) . To better understand the process, a computational fluid dynamics model has been developed to predict the behaviour of the supercritical CO 2 (Pearson et al. 2019a, b) . This model of the supercritical CO 2 treatment process is consistent with a lumen water expulsion (LWE) process in which CO 2 is cycled between atmospheric pressure and 20 MPa and results in the expulsion of free lumen water only. Following lumen water expulsion, kiln 1 3 drying is required to reduce moisture contents down to service levels.
The hypothesis to be tested is that the lumen water expulsion pre-treatment will prevent the development of negative water tension and in doing so reduce cell collapse, washboard depression and internal checking on drying to service moisture contents.
Materials and methods
Log sections, 1200 mm long, were cut 2.5 m from the base of ten 14 years old Eucalyptus nitens (H. Deane and Maiden) logs from a Southwood Exports Ltd forest (46.5° S, 168.4° E), end-sealed with wax and wrapped in plastic for refrigerated transport to Scion. Within 10 days of felling, each log section was reduced to eight 37 mm × 37 mm × 600 mm boards ( Fig. 1 ). Each board was cut into two 200 mm specimens for treatment and one 150 mm specimen for determination of physical properties. Boards were double-plasticbagged and refrigerated at 4 °C until treated. Redman et al. (2016) found that wafers less than 1 mm in thickness were necessary to avoid collapse in Eucalyptus obliqua. Pure shrinkage and pure collapse were therefore determined using 0.8 mm thick cross-section wafers and 5 mm cross-section biscuits, after respective drying schedules and conditioning to 12% moisture content. A 0.8 mm cross-section wafer for image processing was carefully cut from an end of each green 150 mm specimen as soon as it was produced (Fig. 2) . In the setup, the base plate B prevents the wafer from being lost, the pusher block P moves the wafer across the saw blade and the wafer deflector moves the wafer safely away from the saw blade. Micro-adjustment of the fence on the table holding the specimen afforded control of wafer thickness, which was determined using callipers. Once the minimum thickness at which the integrity of the wafer was determined, the table position was locked and wafers were cut. An AKE saw blade, model # 27 303 30 with 60 teeth, for precision cutting of fine veneers, acrylics, melamines and laminates without fibre pull-out, was used for cutting the wafers.
Cut wafers were placed on a filter paper between two glass slides (75 × 50 mm), held together loosely by rubber bands, and kept under water until photographed.
Eucalyptus nitens was chosen as a collapse-prone species known to have a medium lumen water expulsion efficiency (Dawson and Pearson 2017) .
The two pre-treatments used were either the green state or after lumen water expulsion using a high pressure supercritical CO 2 treatment. The specimens were then air dried, kiln dried or oven dried. The specimens from each tree were randomised before being assigned to one of six treatment sets (Table 1) . Each treatment set had one specimen from each of the ten trees.
The supercritical CO 2 treatment of wooden specimens involves raising the CO 2 pressure around the specimens to 20 MPa and holding for an incubation period so that the CO 2 can diffuse into the specimen sap (water), while maintaining the treatment chamber at 50 °C. Depressurisation down to atmospheric pressure then results in conversion from supercritical fluid to gas phase CO 2 inside the specimen, which forces water out of specimen wood cells (Dawson et al. 2015; Dawson and Pearson 2017) . The pressurisationdepressurisation cycle is repeated multiple times to continue water expulsion from the specimens. The criteria for determining the number of cycles are dependent on the species being treated; for Eucalyptus nitens, ten cycles were chosen The automated high pressure supercritical CO 2 treatment plant used was capable of supercritical CO 2 extraction/cosolvent extraction. All sensors and actuated valves were connected to a programmable logic controller (PLC) controlled via a custom user interface (RSLogix, Rockwell Automation). The plant consists of two 1 L cylindrical pressure vessels (75 mm internal diameter; 230 mm internal length) operating from 9 MPa vacuum to 33 MPa and with a temperature span of − 10 to 120 °C. Internal vessel temperatures were maintained by an electric heating jacket controlled via the PLC to maintain the pressure vessels at 50 °C. Vessels were pressurised and depressurised sequentially. One vessel was in the pressurisation phase of the lumen water expulsion treatment cycle while the other vessel was in depressurisation. A Haskel ® air-operated pressure pump (haskel.com; model DSF-B35; 22 MPa pressure rating) delivered CO 2 (food grade, > 99.8%; www.boc.co.nz) at supercritical pressure. Internal plant pressures were continuously logged by Gems Sensors pressure transducers (P max 30 MPa; https :// uk.rs-onlin e.com/web/). The vessels were depressurised via an actuated needle valve which was controlled to maintain the depressurisation at a set rate. The CO 2 was returned to a storage vessel using an air-operated gas booster (Haskell AG-15). Two specimens were treated simultaneously, one in each treatment vessel (Table 2) .
Air dried specimens were stored at 25 °C/65% relative humidity, which is equivalent to 12% equilibrium moisture content (EMC). The kiln drying schedule used a 0.36 m 3 research kiln controlled by proportional-integral-derivative control (PID) loops and set points. The continuous mild kiln schedule had dry and wet bulb temperature set points of 70 and 65.2 °C respectively giving 80% relative humidity. The reduction in specimen moisture content in kiln drying was monitored manually, with specimens removed from the kiln, weighed and returned until the moisture content was in the 14-20% range (referenced against matched off-cuts which had been oven dried). Oven-dried specimens were held at 103 °C until constant mass was reached. After the three drying treatments and then equilibration in a 25 °C/65% relative humidity climate (to achieve 12% MC in specimens), a 5 mm cross-section biscuit was cut from the centre of each 200 mm specimen ( Fig. 1 ).
Determination of shrinkage, collapse, washboard depression and internal checking
All imaging to determine surface features and external edges was carried out using incident (top) illumination via a ring light through which a digital single lens reflex camera was fitted, while imaging for internal checking used back illumination (light box). Collapsed/checked regions of the 5 mm thick biscuits were defined as those regions where light was transmitted through the 5 mm thickness of the sample. For spatial calibration, an opaque black dot of known size was included in each image. All image processing and analysis was performed using ImageJ 1.51e (Abramoff et al. 2004 ). Images were binarised by the automatic thresholding of grey scale images using the 'default' method. The parameters measured by image analysis are shown in Fig. 3 .
Pure shrinkage (S) was determined from wafers only, while pure collapse (C) was determined using both wafer and 5 mm biscuit measurements. Both S and C were quantified by pixel count areas (Eqs. 1, 2):
where A gw is the area of the green wafer and A w is the area of the wafer at 12% MC.
where A bisc is the area of the 5 mm biscuit less any cracked area due to collapse, measured at 12% MC.
The smallest best-fit rectangle (Fig. 3 ) was used to define the radial and tangential lengths of the wafer and the biscuit. The ratios of these were calculated both before and after treatment. Washboard depression was defined as the sum of the two maximum radial depressions from the convex hull ( Fig. 3 ). This is an alternate measure of collapse and equates to material that needs to be removed to give two parallel straight faces on the widest dimension (Standards Australia/ Standards New Zealand 4787:2001-Timber-Assessment of Drying Quality).
The efficiency of lumen water expulsion, LWE eff , of wood (Eq. 3) is defined as:
where MC g and MC LWE are moisture contents of green and lumen water expulsion treated specimens, respectively. The fibre saturation point (FSP) is 30% for species of similar density to Eucalypts (Redman et al. 2016; Budgen 1981; Haslett 1990 ). Green moisture content (MC g ), basic density, maximum moisture content (MC max ) and % saturation were calculated following Kininmonth (1991) . Basic wood density calculations used oven dry mass (103 °C until constant mass) and volume displacement.
Statistical analyses
Analysis of variance (ANOVA) was used to test the statistical significance of the pre-treatment, drying treatment and their interaction. Pairwise comparisons between treatment means and interaction means were performed using Tukey's test with α = 0.05. These analyses were carried out using the SAS Version 9.4 GLM procedure. The response variables analysed were pure shrinkage, pure collapse, washboard depression, the number and area of internal checks and the radial:tangential shrinkage ratio. All variables were tested for normality using the SAS UNIVARIATE procedure prior to analysis and as a result, washboard depression and the number of internal checks were log-transformed, and the area of internal checks was square root transformed.
Results and discussion
The wood and moisture properties of the Eucalyptus nitens specimens are shown in Table 3 . The mean basic density of 399 kg m −3 found for heartwood fits the low-density class reported by Lausberg et al. (1995) 
Effect of supercritical CO 2 lumen water expulsion
The mean lumen water expulsion efficiency of the Eucalyptus nitens specimens was 44% (Table 3 ). The mean moisture content loss on the lumen water expulsion pre-treatment of Eucalyptus nitens was 54% (MC g − MC LWE ). Previous work has shown that lumen water expulsion removes the majority of the cell lumen water in Pinus radiata (Dawson and Pearson 2017) resulting in moisture contents (MC LWE ) close to the fibre saturation point. For Eucalyptus nitens, the MC LWE was well above the fibre saturation point indicating that considerable water (68%; MC LWE − FSP assuming a 30% MC for the FSP) was not bound within the cell wall but could not be removed by the treatment used. By definition, water above the saturation point is not part of the cell wall and is unbound (Berry and Roderick 2005) . Difficult-to-dry or collapse-prone species are challenging to remove water from as there are impediments to permeability in their green saturated timber. For example, the durable softwood Thuja plicata collapses strongly due to high extractives content and high saturation levels (Cown and Bigwood 1979) , some Eucalypt heartwoods suffer from strong water tension forces which cause them to collapse (Chafe et al. 1992) while the permeability of the heartwood of the hardwood Nothofagus fusca is decreased by extractives occluding pits (Kininmonth 1972) . Applying the lumen water expulsion process to the heartwood of hardwoods can in some species (e.g. collapse-prone eucalypts) bypass these issues and reduce the moisture content from green to a level still well above the fibre saturation point. This can lessen pre-drying times, while reducing collapse of timber on subsequent drying down to 10-14% MC (Dawson and Pearson 2017; Dawson et al. 2015) . For Thuja plicata and Nothofagus fusca, however, lumen water expulsion efficiency was very low and collapse was found to be high for Thuja plicata and moderate for Nothofagus fusca (Dawson and Pearson 2017) .
Wood permeability and supercritical CO 2 diffusivity into lumen water both influence lumen water expulsion efficiency (Pearson et al. 2019a, b) and both factors are themselves influenced by wood anatomy (Wilkes 1988; Ziemińska et al. 2013 ). Ziemińska et al. (2013) reported the anatomical components of 24 Australian angiosperms in which they described three major wood cell tissue types:
(1) vessels for transport water; (2) fibres for mechanical strength; and 3) parenchyma for nutrient storage and transport. Wilkes (1988) provided a range of percent volumes of cell types within the species Eucalyptus. The proportions of the various cell types were fibre (> 60%); vessels (10-20%); axial parenchyma cells (< 10%); ray parenchyma cells (10-20%) and tracheids (2%). The combined parenchyma, vessel and tracheid tissue is about 40% if midpoint values of ranges are selected. Using comparable cell volume data for small branches of three Eucalypts representing variable situations (Ziemińska et al. 2013) , the combined tissue volume was 42%.
It is proposed that this combined tissue volume, which represents the water conductive system in the living tree, is the source of the water removed by lumen water expulsion. Eucalyptus nitens has a LWE eff of 44% (Table 3) . The residual water after LWE therefore potentially resides in the cell tissue and fibre lumens. In general, fibres in hardwoods are not part of the water conductive system (Carlquist 2001) .
The data in Table 3 can be used to calculate the distribution of wood and water masses and volumes before and after LWE ( Table 4 ). The 98% m/m water remaining after LWE occupies 39% v/v of the specimen volume. This is proposed to reside in the cell walls and fibre lumens. The 54% m/m of water removed on LWE occupied 22% v/v of the specimen volume and it is proposed that this water was removed from the vessels and some of the elements associated with the vessels (ray and axial parenchyma and vasicentric tracheids). These conclusions are indicative only requiring further experimentation for confirmation.
This proposal offers a possible insight into the free water behaviour in the capillary fibre network of wood which has been modelled by Salin (2008 Salin ( , 2010 . Salin developed a model to simulate the drying of sapwood in softwoods. However, since liquid tension is intrinsic to the model, it may also be applicable to the development for hardwoods. Salin applied a stochastic three-dimensional percolation model to groups of interconnected saturated fibres where the largest menisci in the network retreat into their associated fibres as water tension forces overcome meniscus forces. Salin showed that separated groups of fibres were being drained of their free water with no clear drying fronts. In the current work, the proposal is that the parenchyma, vessel and tracheid tissue constitute the group of cells that have their free lumen water removed. However, the fibres respond more slowly, in an analogous manner to that described using percolation modelling.
Shrinkage and collapse
There was no significant difference in the mean values for pure shrinkage, calculated using Eq. 1, over all treatments for Eucalyptus nitens (Table 5 ).
In contrast, the pure collapse of Eucalyptus nitens, calculated using Eq. 2, was significantly influenced by pretreatment and drying treatment (Table 5 ; Fig. 4 ). The lumen water expulsion pre-treatment significantly reduced collapse in both the pre-treatment and full treatment factors. The effect of the LWE on the kiln drying treatment was to reduce collapse by 75%, washboard depression values by 71% and the radial-tangential shrinkage ratios by 4%.
The reduction in collapse and washboard depression in Eucalyptus nitens on LWE is the result of a unique mechanism (Dawson et al. 2015; Pearson et al. 2019b ). In traditional kiln drying, cell collapse occurs from meniscus-driven forces-the evaporation of water through the meniscus creates a negative water tension in the lumen water, which exceeds the average strength in compression perpendicular to cell walls which can collapse (Chafe et al. 1992; Booker 1993 Booker , 1994 . Table 4 Masses and volumes of wood cell wall and water before and after LWE based on an oven dry wood mass of 100 kg a Values from Table 3 b 1500 kg m −3 is the density of oven-dry wood substance (Kininmonth 1991) c Saturated volume (cell + water) (82% saturation)
Green
After LWE In contrast, in the high pressure phase of the supercritical CO 2 lumen water expulsion cycle, the possibility of negative water tension arising is circumvented. The supercritical CO 2 fluid (critical point 31 °C, 7.1 MPa) has liquid-like density while the water in cells remains liquid (critical point 374 °C, 21.8 MPa) and has surface tension. At the supercritical CO 2 fluid-liquid water meniscus, CO 2 will diffuse into the water in regions accessible by the supercritical fluid (Pearson et al. 2019b ). Diffusion of water into the supercritical CO 2 is likely to be almost negligible. On depressurisation, CO 2 bubble formation creates a back pressure, which shunts liquid water out of the cells.
It was observed that Eucalyptus nitens specimens, still averaging 98% moisture content after supercritical CO 2 treatment, had greatly reduced collapse on subsequent oven, kiln or air drying down to 12% moisture content ( Fig. 4) . It is proposed that the menisci moved from the outside of the saturated wooden specimens to the interior because of the voids created by water removal from parenchyma, and vessel and tracheid tissue. As water is removed from these cell elements by LWE, the water column is broken throughout the specimen thereby disrupting the development of meniscus-induced water tension as subsequent drying occurs. Water exits from the specimen along the same pathways as CO 2 enters and exits. There is no evidence that the high pressure hold of 20 MPa has damaged tissue structure and is not thought to affect permeability except through water removal. The fibres in hardwoods, as proposed earlier, retain the bulk of the remaining water as they are not water conductive.
For both green and LWE treatments, there was no statistical difference in internal checking between the air drying or kiln drying treatments but the oven drying treatment was different to both other treatments and an order of magnitude higher (Table 5 ). Lumen water expulsion treatment had no effect on internal checking. Booker (1994) considered that internal checking and collapse were both caused by negative water tension. He predicted when cells had low compressive strength perpendicular to the cell wall, collapse without internal checking may occur if the collapsed region included board surfaces, which agrees with the present study where collapse was observed over multiple specimen surfaces. Salvo et al. (2017) reported that the drying behaviour of 17 years old Eucalyptus nitens samples, from annual rings 6-10 resulted in higher collapse and internal checking compared with inner and outer wood. In contrast, specimens in the present work, showed collapse in rings 6-10, but little internal checking for the air-and kiln-dry treatments with stronger checking for the harsher oven-dry treatment. The stronger drying stresses experienced in the oven-dry treatment were not able to be dissipated while in the two slower drying treatments stress relief was possible.
Adoption of technology
Before supercritical CO 2 lumen water expulsion treatment technology can be applied commercially, there are challenges to be evaluated. Together with market knowledge data, this will lead to a value proposition for commercialisation.
• Treatments to date have been carried out on a pilot scale (3000 × 100 × 50 mm) for only Pinus radiata timber. Trials for Eucalyptus nitens must be carried out to obtain data for larger dimension timber along with mass and energy flows. • Modelling the process for Eucalyptus nitens is at an advanced stage but is still to be completed. • Using the results of the factorial study for Eucalyptus nitens and the model will define the range of parameters that can be used and this will inform plant design. • The cost of a plant is predicated on pressure and cycling requirements as these determine the cost and longevity of the plant. • Expanding the range of hardwood species to include high value but very slow drying hardwoods independent of whether they are collapse-prone or not.
Conclusion
The hypothesis tested was would supercritical CO 2 lumen water expulsion prevent the development of negative water tension and thereby remove the driver of collapse, washboard depression and internal checking in Eucalyptus nitens heartwood. Results showed that the lumen water Fig. 4 Pure collapse in Eucalyptus nitens for full treatments. Error bars show 95% confidence intervals expulsion pre-treatment, followed by kiln drying, reduced collapse in Eucalyptus nitens by 75% and washboard depression by 71%. Oven drying produced the highest drying stresses as evidenced by most collapse and air drying the least. Internal checking was low in all treatments except oven drying. The results confirmed this hypothesis for difficult-to-dry Eucalyptus nitens. Supercritical CO 2 lumen water expulsion pre-treatment circumvents the accepted negative water tension model of collapse. It was proposed that the parenchyma, vessel and tracheid tissue volume in Eucalyptus nitens, which represents the water conductive system, is the source of the water removed by the lumen water expulsion treatment. The residual water after LWE treatment therefore potentially resides in the cell tissue and fibre lumens. In general, fibres in hardwoods are not part of the water conductive system.
The application of supercritical CO 2 treatment technology may offer the prospect of increasing the conversion of green collapse-prone species timber into products if they have a medium lumen water expulsion efficiency of 40-60%. Future work will consider treatments of timber of different dimensions and position within the tree and with tree age, looking at the response variables of collapse, internal checking and radial-tangential shrinkage ratio.
